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Berkovich indentation of diamondlike carbon coatings on silicon substrates
Abstract
The deformation behavior of diamondlike carbon (DLC) coatings on silicon substrates induced by
Berkovich indentation has been investigated. DLC coatings deposited by a plasma-assisted chemical
vapor deposition technique were subjected to nanoindentation with a Berkovich indenter over a range of
maximum loads from 100 to 300 mN. Distinct pop-ins were observed for loads greater than 150 mN.
However, no pop-out was observed for the loads studied. The top surface of the indents showed annular
cracks with associated fragmented material. The cross sections showed up to 20% localized reduction in
thickness of the DLC coating beneath the indenter tip. Cracking, {111} slip, stacking faults, and localized
phase transformations were observed in the silicon substrate. The discontinuities in the loaddisplacement curves at low loads are attributed to plastic deformation of the silicon substrate, whereas at
higher loads they are attributed to plastic deformation as well as phase transformation.
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The deformation behavior of diamondlike carbon (DLC) coatings on silicon substrates
induced by Berkovich indentation has been investigated. DLC coatings deposited by a
plasma-assisted chemical vapor deposition technique were subjected to nanoindentation
with a Berkovich indenter over a range of maximum loads from 100 to 300 mN.
Distinct pop-ins were observed for loads greater than 150 mN. However, no pop-out
was observed for the loads studied. The top surface of the indents showed annular
cracks with associated fragmented material. The cross sections showed up to 20%
localized reduction in thickness of the DLC coating beneath the indenter tip. Cracking,
{111} slip, stacking faults, and localized phase transformations were observed in the
silicon substrate. The discontinuities in the load–displacement curves at low loads are
attributed to plastic deformation of the silicon substrate, whereas at higher loads they
are attributed to plastic deformation as well as phase transformation.

I. INTRODUCTION

Diamondlike carbon (DLC) coatings are metastable
amorphous films composed of a mixture of sp2-graphite
and sp3-diamond hybridized structures in various proportions. Their unique combination of properties such as
extremely high hardness, elastic modulus, low friction
coefficients, high chemical inertness, good wear resistance, and excellent corrosion resistance make them attractive for applications such as cutting tools, razor
blades, magnetic recording heads, storage devices, and
applications in the biomedical industry.1–3
Nanoindentation has been extensively used for evaluating the mechanical properties and deformation behavior of DLC coatings.4–17 A large number of these investigations have focused on the effect of various deposition
techniques and parameters of deposition on the structure
and mechanical properties of the coatings.6–10 The effect
of film thickness has been studied by Beake and Lau.11
Moreover, the effect of substrate type on the mechanical
behavior of DLC coatings has been investigated by
Steadler and Schiffman,12 Poliakov et al.,13 and Zhang
and Huang.14 Surface characterization techniques such as
scanning electron microscopy (SEM) and atomic force
a)
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microscopy (AFM) have been used by Bhushan et al.,3–5
Chowdhury et al.,9,10 and Xu and Rowcliffe15 to investigate the cracking and deformation of DLC coatings.
Based on the surface morphology of the indents, Bhushan et al.3–5 have related the observed discontinuities
during loading, i.e., the pop-ins, in the load–displacement
curves of thin DLC coatings on silicon to the throughthickness cracks in the coating. Further, they have attributed the discontinuity on unloading, i.e., the pop-out to
the formation of lateral cracks. In contrast, Beake and
Lau11 have ascribed the pop-out to the phase transformations that occur in the silicon substrate based on available literature on nanoindentation studies of pristine silicon, since it is well known that phase transformations
occur during loading (from Si-I to Si-II) and unloading
(Si-II to Si-III/Si-XII), resulting in discontinuities in the
load–displacement curves.18–23 However, these authors
have not presented any evidence of the subsurface microstructures by examining cross sections through the
indents. On the other hand, Michler and Blank16 have
identified the preferential locations for initiation of
cracks and have presented evidence of surface as well as
interface cracks in DLC coatings on steel substrates.
However, there have been no systematic studies on the
deformation behavior following Berkovich indentation
of DLC coatings on silicon substrates involving the examination of cross sections of the deformed coatings, and
consequently, no investigations relating the indentation
© 2008 Materials Research Society
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behavior to the observed subsurface structure of the coatings. This has been primarily due to the difficulty in the
preparation of cross-sectional thin foils for transmission
electron microscopy (TEM) through localized regions in
the vicinity of indentations.
In recent years, examination of subsurface microstructures has become possible due to the emergence of focused ion beam (FIB) technology as a tool for crosssectional TEM (XTEM) sample preparation.24,25 Using
this technique in a recent investigation, we have correlated the XTEM observations with the spherical indentation behavior of DLC coatings on silicon (100) substrates.26 Unlike the spherical indenter, which produces a
more uniform stress field under the indenter, the stress
gradients and therefore the damage induced by a Berkovich indenter, which possesses a pointed tip, is both
different and more severe.20 This is likely to result in a
complex deformation behavior below the indenter. However, no XTEM studies involving the deformation behavior of DLC coatings on silicon substrates following indentation with a Berkovich indenter have been reported.
Therefore, in this study, the microstructural changes
resulting from deformation induced by a Berkovich indenter were investigated in DLC coatings on (100) silicon substrates deposited by a radio frequency plasmaassisted chemical vapor deposition (PACVD) technique.
In this paper, emphasis is placed on the response of the
silicon substrate to contact loading. Following nanoindentation, the deformed regions were examined by SEM,
FIB, and XTEM. The observed microstructural features were
correlated to the load–displacement behavior, and the
results were compared with those obtained earlier on the
same coating with a spherical indenter of 5-m radius.26
II. EXPERIMENTAL PROCEDURE

DLC coatings containing hydrogen were deposited
onto (100) silicon substrates using a radio frequency (rf)
PACVD technique. The chamber was evacuated to a
pressure of approximately 2 × 10−5 mbar. Prior to deposition, the substrates were in situ sputter cleaned for
5 min in argon plasma operated at 25 mTorr with the
argon flow rate set at 10 sccm at 200 W power, and self
bias was about 650 V. To improve the adhesion, a thin
layer of hydrogenated amorphous silicon carbide (a:
SiCH) was first deposited onto the substrate using tetramethylsilane (TMS) as precursor. The interlayer deposition was performed at 25 mTorr with the TMS flow rate
set at 85 sccm at 200 W power for 3 min. For the deposition of the hydrogenated amorphous carbon (a-C:H)
layer, acetylene gas was introduced at a flow rate of
100 sccm into the chamber, and the pressure and power
were set to 50 mT and 200 W respectively for 10 min.
The composition of the coating was determined by
visible Raman spectroscopy, which was carried out using

a Renishaw Raman Spectroscope 2000 (Gloucestershire,
UK) at an excitation wavelength of 514 nm with an Ar
laser of spot size 5 m. After background subtraction, the
Raman spectra were fitted with two Gaussians and the
peak parameters (G and D peak positions and the intensity ratio ID/IG) were determined.27,28 Microstructural
characterization of the as-deposited coatings was carried
out by both FIB and XTEM, as described elsewhere.26
The coatings were subjected to nanoindentation with
a Berkovich indenter to various maximum loads between
100 and 300 mN using the UMIS-2000 (Ultra MicroIndentation System) [CSIRO, Australian Scientific Instruments (ASI) Pty. Ltd., Australia]. Arrays of ten indents were performed at each load with a spacing of 50
m between indents. For indentation to loads of 100 and
150 mN, 50 increments were recorded during loading
and unloading, whereas 100 increments were used for
higher loads. The unloading rates ranged from 1 to 2
mN/s. Subsequently, a Nova Nanolab 200 dual beam FIB
(FEI, North America NanoPort, OR) was used for imaging the residual indents as well as for preparing and
imaging cross sections through the indentations. XTEM
specimens were prepared from the indents using the
Nova Nanolab 200 dual-beam FIB, and the samples were
lifted out onto C-coated copper grids using an optical
microscope and a glass needle attached to a piezoelectric
device. The thin foils were examined normal to the 〈110〉
of the silicon substrate in a Philips CM200 TEM.
III. RESULTS AND DISCUSSION

The as-deposited DLC coating had a featureless appearance consistent with its amorphous nature. From FIB
and XTEM examination, the thickness of the coating was
determined to be 1.6 m. XTEM also revealed the presence of a 40-nm-thick a:SiCH layer at the interface.26
The visible Raman spectrum (Fig. 1) shows a prominent
G peak and a shoulder D peak, features characteristic of
DLC coatings.27,29 By fitting the spectrum with two
Gaussians, the G peak position and the area ratio of the
intensities of the two peaks ID and IG were quantified as
1556 cm−1 and 1.4, respectively. Through comparison of
these values with the empirical plots given by Ferrari and
Robertson,27 the total sp3 content (including C–H bonds)
of the coating was estimated to be in the range of 30–
35%. From the measured slope of the photoluminescence
background of the spectrum and using the formula given
by Casiraghi et al.,28 the hydrogen content of the film
was calculated as ∼28 at.%.
The load–displacement curves obtained on indentation
of the coatings to various maximum loads up to 300 mN
using a Berkovich indenter are shown in Fig. 2(a). The
coating exhibits significant elastic recovery during unloading, consistent with earlier studies.26,30 The maximum and residual depths of penetration, as well as the
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FIG. 1. Visible Raman spectrum from the DLC coating showing the
fitted peak and the deconvoluted G and D peaks.

degree of recovery, increased with the maximum load.
Figure 2(b) shows a comparison between the maximum
and residual depths of penetration and the degree of recovery obtained in this study with that obtained earlier on
indentation of the DLC coating of the same thickness
with a spherical indenter having a tip radius of 5 m.26 For
the range of loads studied here, the total and residual
depths of penetration appear to vary almost linearly with
load for both types of indenters. Further, for a given load,
the maximum and the residual depths of penetration obtained during Berkovich indentation are over 10% higher
than those obtained on indentation with a spherical indenter consistent with the expected behavior for a sharper
Berkovich indenter. However, the magnitude of recov-

ery, which is ∼60%, is almost the same for both indenter
types.
For maximum indentation loads of 150 mN, the load–
displacement curves [Fig. 2(a)] displayed a small discontinuity at loads close to the maximum load used. However, following indentation to 200 mN, this discontinuity
become clearly evident. It can be observed that a small
pop-in occurs in the load range of 140–160 mN. As noted
earlier, 10 indentations were performed at each load.
Thus there is some scatter in the load at which the popins are observed. With increase in maximum indentation
load to 250 mN, another pop-in appeared in the range
180–210 mN; with further increase in load to 300 mN, a
third pop-in was observed in the range 240–260 mN.
Although higher penetration depths are obtained in Berkovich indentation, the loads at which pop-ins appear, for
a given maximum load, are generally similar to those
observed during indentation with a spherical indenter.26
Further, a clear pop-out was not observed at the range of
loads studied, as was the case with spherical indentation
of the same material.
The size of the residual indents for Berkovich indentation was quantified in terms of the contact edge AB,
which is shown in a secondary electron image [Fig. 3(a)]
of the top surface of the indent for a 300 mN indent. The
length AB of the residual indents increased from ∼4 m
at 100 mN to ∼8 m at 300 mN [Fig. 3(a)]. No cracks
were evident on the indent surface on indentation to
maximum loads below 150 mN. On increasing the indentation load to 200 mN, some indents showed annular
cracks (also referred to as picture frame cracks) and locally fragmented material within them. The incidence of
cracking increased with further increases in load, and at

FIG. 2. (a) Load–displacement curves at various maximum loads. The curves have been plotted with an offset of 0.1, 0.2, 0.3, and 0.4 m on the
x axis for maximum loads of 150, 200, 250, and 300 mN, respectively. (inset) Magnified view of the boxed region. (b) Plot showing the comparison
of the total and residual depth of penetration and recovery for Berkovich and spherical indentation on DLC coatings.26
1864
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unindented region, indicating that the coating undergoes
localized plastic compression in the direction of loading.
This compression, which was a maximum at the indenter
tip, increased with load without any observation of radial
or lateral cracks in the coating or delamination at the
coating–substrate interface. These observations are similar to the results with a spherical indenter, except that the
localized compression at the indenter tip is significantly
higher than that observed with a spherical indenter,
which is in agreement with the larger depths of penetration observed in the load–displacement curves. For loads
above 150 mN, the interface showed evidence of bending, the magnitude of which increased with load. On
indentation to the maximum load of 300 mN [Fig. 3(b)],
substantial bending at the interface (labeled X), as well as
a median crack (marked Y) in the substrate, is clearly
evident. Further, it can be seen from Fig. 3(b) that the
annular cracks observed on the surface [Fig. 3(a)] do not
appear to extend through the thickness of the coating,
consistent with earlier observations on steel substrates16
as well as on silicon substrates.26
Figure 4 shows a bright-field XTEM image of the
cross section of coating following indentation to a maximum load of 100 mN. The coating clearly reveals localized plastic deformation of the DLC coating below the
indenter tip in the direction of loading without any cracking, consistent with the observations using spherical indenter26 and that reported by simulation studies.31 From
the difference in the thickness of the coating at AB and
CD the maximum plastic compression of the coating was
measured as ∼10%. This value, which is more than
double the amount of deformation (∼4.5%) reported earlier26 for indentation to the same load on a coating of
similar thickness with a spherical indenter, indicates the
ability of the coating to undergo substantial localized deformation without cracking, even with a sharper indenter.
FIG. 3. Secondary electron images (from FIB) after indentation to
300 mN: (a) top surface showing annular cracks and fragmented material and (b) cross section showing bending at the interface (X) and
the median crack (Y) below the indent. The contrast has been enhanced to make the crack more visible.

300 mN [Fig. 3(a)] most of the indents showed annular
cracking. However, no radial cracks developed at the
indentation corners, even at a load of 300 mN.
Because the Berkovich indenter has an asymmetrical
shape, FIB cross sections, as well as XTEM specimens,
through the indents at all the loads were prepared along
two orientations designated X and Y [Fig. 3(a)]. However, for comparison purposes, most of the images shown
in this study correspond to orientation Y, except for the
250 mN indent (Fig. 8). Secondary electron FIB imaging
of the cross sections of the indents at all loads showed a
localized reduction in the thickness of the coating in the
region just below the indenter tip, as compared to an

FIG. 4. Bright-field XTEM micrograph after indentation to 100 mN
load.
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FIG. 5. Bright-field XTEM micrograph after indentation to 150 mN
load showing narrow slip bands (P, Q) and threading dislocations (S).

The observed localized deformation is a consequence of
the development of highly localized stresses beneath the
sharper Berkovich indenter, which also resulted in the
larger penetration depths. Although the coating exhibits
substantial localized deformation, there is no corresponding bending at the interface nor any plastic deformation
in the substrate, which showed only some bend contours,
indicating that the coating is able to support the applied
load without transferring substantial load to the substrate.
Consequently, the corresponding load–displacement
curve [Fig. 2(a)] shows no discontinuities during loading.
On increasing the indentation load to 150 mN, the
maximum compressive strain in the coating in the loading direction increased to ∼15% (at the tip), again without any cracking or delamination (Fig. 5). However, at
this load, plastic deformation was evident in the substrate
confined to a small region beneath the indenter tip. Narrow slip bands (marked P, Q) are observed, which are
inclined at an angle of 54° to the (100) surface, indicating
that they are aligned on the {111} planes, which are the
preferential slip planes for the diamond cubic Si-I phase.
These bands extend to a depth of only 0.8 m within the
substrate and form a characteristic V shape. A few
threading dislocations (marked S) perpendicular to the
interface, i.e., lying parallel to [100], are also seen. The
extent of deformation of the substrate is similar to that
seen during spherical indentation of these coatings.26 The
load–displacement curves [Fig. 2(a)] show small pop-ins
within a load range around 150 mN, which are presumably associated with the onset of slip.
The localized compressive strain in the coating increased to ∼17% with increase in the indentation load to
200 mN (Fig. 6). The substrate consequently shows significant deformation with coarse slip bands (labeled P,
Q) on {111} planes that extend to about 1.5 m from the
interface and a high density of dislocations but without
1866
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FIG. 6. Bright-field XTEM micrograph showing slip bands (P, Q)
after indentation to a load of 200 mN.

concomitant phase transformation similar to the results
on spherical indentation.26 A small number of twins were
also observed in cross sections prepared along the X
orientation. However, a higher density of defects was
also observed following loading to 250 mN, as described
later and shown in Fig. 8. Although the coating still
remained free of cracks, delamination is clearly evident
in small regions where slip bands intersect the interface.
The corresponding load–displacement curve [Fig. 2(a)]
exhibited a distinct pop-in. In earlier studies on thinner
(400 nm) DLC coatings, based on surface characterization techniques, pop-ins have been related to the formation of through thickness cracks in the coatings,4,5
whereas in uncoated silicon the pop-ins have been attributed to phase transformations.19–23 However, in this case,
neither phase transformation in silicon nor any throughthickness cracks in the coating have been observed. This
is a consequence of the altered loading conditions arising
due to the presence of the DLC coating above the silicon
and can be explained using the schematic illustration
shown in Fig. 7. During indentation, uncoated silicon
[Fig. 7(a)] experiences high hydrostatic stresses in a localized region beneath the indenter tip. These localized
stresses are sufficient to initiate transformation in small
volumes of the material.19 On the other hand, in the case
of the DLC coating [Fig. 7(b)], there is a distribution of
the applied load over a much larger area of the silicon
substrate, which effectively decreases the local stress
concentration beneath the indenter to values insufficient
for phase transformations to occur. This redistribution of
stresses, however, appears to have resulted in a larger
volume of silicon undergoing dislocation motion, sufficient to produce a pop-in event in the loading curve.
Indentation to a maximum load of 250 mN further
increased the compressive plastic strain in the coating to
∼18%. The plastic deformation in the substrate also
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is no evidence of phase transformation at this load. Although the coating did not develop any through-thickness
cracks, delamination (marked Y) beneath the indenter is
clearly evident. Similar to the case of spherical indentation,26 this delamination was found to occur in the TEM
sample preparation stage in the process of relieving the
high residual stresses known to be present in the coating.32 In the absence of any phase transformation, the
pop-ins in the load–displacement curve can be attributed
to the deformation mechanism operating in the substrate.
A further increase in load to 300 mN increased the
local compressive plastic strain of the coating to ∼20%,

FIG. 7. Schematic representation of hydrostatic stresses beneath the
indenter tip: (a) uncoated silicon and (b) DLC coating on silicon.

FIG. 8. Bright-field TEM micrographs at a load of 250 mN showing
stacking faults on {111} planes and delamination at the interface. Inset
shows extra reflections (labeled with subscript t) and streaking along
[111] direction.

increased, as shown in Fig. 8, which shows a bright-field
TEM image of the cross section through an indent
corresponding to the X orientation of Fig. 3(a). Stacking
faults on {111} planes of silicon (marked X) are visible,
and correspondingly, extra reflections and streaking
along [111] direction, both associated with stacking
faults and twinning, are seen in the selected area diffraction pattern from this region (inset). However, still there

FIG. 9. Bright-field TEM micrographs at a load of 300 mN showing
(a) plastic deformation in the coating as well as the substrate and the
transformation zone beneath the indenter tip. (inset) SAD pattern from
the transformation zone. (b) Dark-field image taken using the boxed
reflection in (a) showing the crystalline phases.
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resulting in significant bending at the DLC-a:SiCH interface [Fig. 9(a)]. Although the cross section of the
coating is still free of cracks, delamination in the area
directly below the indentation (marked 1) is seen. Also,
there is extensive deformation in the substrate and some
twinning is visible, but it is masked by contrast from the
high density of dislocations. Further, a shallow, ∼350–
400 nm thick, hemispherical phase transformation zone
labeled Y is observed, which displays a contrast distinct
from that of the bulk crystalline silicon, labeled Z. The
diffraction pattern from this zone (inset) displayed strong
rings corresponding to the amorphous silicon as well as
additional reflections consistent with the presence of
high-pressure phases, BC8 (Si-III) and R8 (Si-XII).
These observations are similar to those reported for uncoated silicon at loads as low as 30 mN21,22 as well for
DLC coatings following spherical indentation to similar
loads.26 A dark-field micrograph [Fig. 9(b)], taken using
the boxed reflection, shows the presence of crystalline
phases in the transformation zone. However, the amount
of crystalline BC8/R8 phases is much smaller than that of
the amorphous phase. This can be attributed to the loads
insufficient for complete transformation due to the wider
distribution of load by the DLC coating.
The additional pop-in in the load–displacement curve
[Fig. 2(a)] can be attributed to the occurrence of transformation of Si-I to Si-II. However, this transformation
has not resulted in an elbow or pop-out in the corresponding unloading curve [Fig. 2(a)]. These results are similar
to our earlier results obtained with a spherical indenter
but inconsistent with those reported on uncoated silicon.21–23 However, recent studies on uncoated silicon18
have reported that such phase transformations do not
necessarily result in pop out events. Another reason that
can be attributed to the absence of a pop-out is the presence of more of the amorphous silicon than the crystalline phases [Fig. 9(b)]. In uncoated silicon, formation of
a-Si has been shown to give rise to a gradual expansion
in the lattice resulting in gradual indenter uplift, thereby
slowing down the upward movement of the indenter. In
this study, due to the presence of DLC layer above the
silicon, some of the expansion due to the transformation
of Si-II is partially accommodated in the coating, reducing the extent of uplift of the indenter and thereby resulting in the absence of a pop-out.
The transformation zone observed in this study is
hemispherical (Fig. 9) as against the triangular or pyramidal shape observed during Berkovich indentation of
uncoated silicon.20,33 Although the coating experiences
loading from a pointed indenter, it distributes the stresses
over a larger volume of the silicon substrate. Therefore,
the substrate experiences a loading condition similar to
that of a spherical indenter instead of a pointed indenter
and hence develops a hemispherical transformation zone.
Further, similar to the observations with a spherical
1868
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indenter, a small amount of untransformed Si-I is observed in the region X between the interface and the
transformation zone. Most of the results on uncoated silicon have not indicated the presence of untransformed
Si-I directly beneath the indenter tip, and so this again
may be a consequence of incomplete transformation of
Si-I to Si-II due to the altered loading condition brought
about by the presence of the DLC coating above the
silicon. Unlike the observations in uncoated silicon, the
presence of defects over large areas outside the vicinity
of the indentation, both parallel to the interface as well as
within the bulk of the substrate, is a further indication of
the redistribution of stresses.
The pressures induced by sharp Berkovich indenters
are larger than those developed by spherical indenters.
Accordingly, the coatings exhibit larger penetration
depths, which are manifested in a substantially larger
magnitude of localized plastic compression of the coating, as shown in the XTEM images. The deformation
mechanisms observed in the silicon substrate, however,
appear to be similar for both types of indentation, i.e., the
maximum applied load (150 mN) at which slip initiates
and the load at which the induced phase transformation is
observed in the substrate (300 mN) are the same for the
loads up to 300 mN. This is because the DLC coating
accommodates the localized stresses generated by the
sharper tip by inducing deformation over a substantially
larger area of the substrate without cracking. Therefore,
the effective stresses transferred to the substrate in Berkovich indentation appear similar to those seen in spherical indentation.
IV. CONCLUSIONS

Berkovich indentation of the DLC coating resulted in
a substantially larger magnitude of compressive plastic
strain in the direction of loading as compared to a spherical indenter. This compression, which was a maximum
at the tip, increased from ∼10% at 100 mN to 20% at
300 mN without any observation of radial cracks or lateral cracks in the coating. Pop-ins appeared for maximum loads of 150 mN and above, but no pop-outs were
evident. Annular cracks observed on the surface did not
extend through the thickness of the coating. For loads
above 150 mN, XTEM revealed dislocations, stacking
faults, and slip bands on {111} planes of the silicon
substrate, the extent of deformation increasing with load.
On indentation to 300 mN, a phase transformation zone,
containing both amorphous silicon and Si-III and Si-XII,
was observed.
The discontinuities in the load–displacement curves
have been correlated with the observed microstructural
features, i.e., the pop-ins observed at the loads of 250 mN
and below are attributed to the plastic deformation of
the silicon substrate through dislocation motion and
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formation of stacking faults and at higher loads to phase
transformation of the substrate and associated sudden
volume reduction. The absence of a distinct pop-out at
300 mN is a result of the formation of a larger amount of
a-Si in the transformation zone combined with the accommodation of the associated expansion in lattice by
deformation within the DLC coating.
The differences in the microstructures observed with respect to those on uncoated silicon are attributed to the altered stress state in the silicon substrate brought about by
the distribution of the applied load by the DLC coating.
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